Protein geranylgeranylation is critical for the function of a number of proteins such as RhoA, Rac and Rab. Protein geranylgeranyltransferase type I (GGTase-I) and Rab geranylgeranytransferase (RabGGTase) catalyze these modifications. In this paper, we first describe identification and chalacterization of small molecule inhibitors of GGTase-I with two novel scaffolds from a library consisting of allenoate derived compounds. These compounds exhibit specific inhibition of GGTase-I and act by competing with a substrate protein. Derivatizing a carboxylic acid emanating from the core ring of one of the GGTI compounds dramatically improved their cellular activity. The improved GGTI compounds inhibit proliferation of a variety of human cancer cell lines and cause G 1 cell cycle arrest and induction of p21 CIP1/WAF1 . We also report identification of novel small molecule inhibitors of RabGGTase. These compounds were identified first by screening our GGTI compounds for ones that also exhibited RabGGTase inhibition. This led to the discovery of a common structural feature for RabGGTase inhibitors; presence of a characteristic 6-atom aliphatic tail attached to the penta-substituted pyrrolidine core. Further screen led to the identification of compounds with preferential inhibition of RabGGTase. These compounds inhibit RabGGTase activity by competing with the protein substrate. These novel compounds may provide valuable reagents to study protein geranylgeranylation.
Protein prenylation is a posttranslational modification of proteins involving the addition of isoprenoids (1) (2) (3) (4) (5) . Specifically, protein farnesylation involves the addition of a C15 farnesyl group to proteins ending with the C-terminal CAAX motif (C is cysteine, A is an aliphatic amino acid and X is usually serine, methionine, glutamine, cysteine or alanine). Farnesylated proteins include Ras proteins, Rheb proteins, nuclear lamins and Hdj2. Protein geranylgeranylation involves the addition of a longer isoprenoid, C20 geranylgeranyl group. Two different types of geranylgeranylation have been reported. Rho family proteins such as RhoA, Cdc42 and Rac as well as the γ-subunit of heterotrimeric G-proteins are geranylgeranylated at a cysteine within the CAAL motif (similar to the CAAX motif but the C-terminal amino acid is leucine or phenylalanine) at their C-termini. Rab proteins involved in protein transport across the secretory pathway and endocytosis pathway are also geranylgeranylated. These proteins usually end with CC (two cysteines) or CXC at the C-termini and both cysteines are geranylgeranylated.
Recent studies highlight physiological significance of protein geranylgeranylation. Knockout mice specific for the β-subunit of GGTase-I have been established (6) . Characterization of GGTase-I-deficient cells showed proliferation inhibition and accumulation of p21 CIP1/WAF1 , pointing to the significance of GGTase-I in cell proliferation and cell cycle progression (6) . GGTase-I deficiency reduced oncogenic K-ras-induced lung tumor formation in mice, pointing to the significance of inhibiting GGTase-I to block tumor formation (6) . Recent studies also showed that a number of geranylgeranylated proteins play important roles in tumorigenesis and metastasis. In addition to RhoA and Cdc42 proteins, RalA protein was recently found to be activated downstream of Ras in most pancreatic cancer cells harboring oncogenic K-ras mutation (7) . RalB plays critical roles in the survival pathway (8) . RhoC is overexpressed in metastatic cancer and RhoC knockout mice exhibit defect in metastasis (9, 10) . Overexpression of Rab25 in breast and ovarian cancer cells has been reported, and this mutation is a determinant for aggressiveness of these cancers (11, 12) . Rab25 is also upregulated in prostate cancer and transitional-cell bladder cancer (11) . Overexpression of other Rab proteins such as Rab5a and Rab7 in cancer has been reported (13, 14) .
Protein geranylgeranylation is catalyzed by two types of enzymes. Geranylgeranyltransferase type I (GGTase-I) catalyzes mono geranylgeranylation of proteins such as Rho, Rac and Cdc42. This enzyme is a heterodimer consisting of α-and β-subunits (15) . RabGGTase (or GGTase-II) catalyzes digeranylgeranylation of Rab proteins (16, 17) . This enzyme also contains α-and β-subunits, but contains an additional subunit Rab Escort Protein (REP) (16, 18) . The REP subunit binds to the substrate Rab protein (19) . The α-and β-subunits share homology with corresponding subunits of GGTase-I.
Small molecule inhibitors of GGTases provide novel reagents to study geranylgeranylation.
Development of peptidomimetic GGTI compounds derived from the CAAL peptide was pioneered by Sebti and Hamilton groups. These compounds (GGTI-298, GGTI-2154, etc.) exhibit cellular effects including cell cycle arrest and apoptosis induction and inhibit tumor growth in mice (20) (21) (22) (23) (24) .
However, development of non-peptidomimetic inhibitors lagged behind. Recently, the first non-peptidomimetic compound, GGTI-DU40, was reported (25) . As for RabGGTase inhibitors, no effective inhibitors have been identified so far (26). 2-Hydroxy-2-phosphono-3-(3-pyridinyl) propanoic acid has been shown to inhibit geranylgeranylation of Rab proteins, however a high concentration (mM) of compound is used to achieve inhibition (27) . Thus, further development of compounds that inhibit GGTase-I or RabGGTase is of importance, as they provide novel reagents to deepen our understanding of protein geranylgeranylation.
In this study, we first report identification and characterization of novel inhibitors of GGTase-I which were identified from a chemical compound library that we constructed through diversity oriented synthesis using allenoic acid derived starting materials (28) . A specific modification that improves their cellular activity has been identified. Second, we report identification and characterization of novel compounds with preferential inhibition of RabGGTase. These compounds have a scaffold that is shared with GGTI but possess an extra structural feature. GGTI-298 was purchased from Calbiochem (La Jolla, CA). Prenyltransferases used are recombinant enzymes. GGTase-I, FTase, RabGGTase, REP-1 and Rab7 were purchased from JENA BIOSCIENCE (Jena, Germany). Other chemicals were obtained from Sigma. The allenoate derived compounds library including P3-E5 and P5-H6 were synthesized as described (28) . Detailed methods for the  synthesis of P63-F10, P63-C7, P63-E11, P62-A5,  P62-C11, P62-E4 and modified P5-H6  compounds (P61-A2, P61-A5, P61-A6, P61-A7 and P61-B4) will be described elsewhere. S2 ) was examined according to (29) . Briefly, whole cell lysates were subjected to 15% SDS-PAGE containing 4M urea followed by immunoblotting with the antibody against Rab5b (Santa Cruz: sc-598) or actin. Subcellular fractionations (Fig. S3) were performed as described by Gomes et al. (30) . Briefly, cells were treated with P49-F6 for 48 hours. After osmotic lysis, cell debris were removed by centrifugation at 500 x g for 10 min, and the supernatant was subjected to ultracentrifugation at 100,000 x g for 60 min. The supernatant of ultracentrifugation was collected as a soluble fraction. The pellet was collected as a membrane fraction. These fractions were subjected to electrophoresis on 10% SDS-PAGE gels followed by immunoblotting with the antibody against Rab5b. RhoGDI promoter-Luc or vector plasmids (33) (both plasmids are provided by Dr. Genhong Cheng). Cells were treated with GGTI compounds. Promega luciferase assay kit was used according to the manufacturer's protocol. Statistical analysis-Statistical significance of by guest on June 15, 2017 http://www.jbc.org/ Downloaded from difference was determined using the unpaired Student's t-test. P value < 0.05 was considered statistically significant.
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Allenoic acid based chemical compound library and identification of GGTase-I inhibitors.
Previously, we have reported construction of a library of allenoate derived compounds and identification of novel GGTI compounds (28) . The library construction involved the use of allenoates as multireactive core molecules. Using the second set of building blocks (imines, aldehydes and maleimides) that react with allenoates under similar reaction conditions (phosphine catalysis), we have produced diverse compounds including dihydropyrroles (34), tetrahydropyridines (35), bicyclic succinimides (unpublished results), dioxanylidenes (36) and α-pyrones (37). The identification of GGTI compounds was carried out first by screening a 171-compound pilot library using an in vitro assay with RhoA protein as a substrate. Scaffolds that initially showed activity were optimized by solid-phase split-and-pool combinatorial synthesis. This enabled us to identify two types of novel compounds; one group containing a tetrahydropyridine ring as its core scaffold and the other group having a dihydropyrrole ring as its core scaffold. Fig. 1 shows structure and potency of four representative compounds from each group together with a general structure of each group.
Two compounds with highest potency in each group, P3-E5 and P5-H6, were further characterized. As described, P3-E5 and P5-H6 inhibit GGTase-I with IC 50 values of 313 and 466 nM, respectively (Fig. 1) . Specificity of GGTase-I inhibition by P3-E5 and P5-H6 was examined by assaying their ability to inhibit two closely related enzymes, FTase and RabGGTase. As can be seen, no significant inhibition of FTase activity was observed by these compounds even when the concentration was increased to 50,000 nM ( Fig. 2) . Similarly, P3-E5 showed little inhibition against RabGGTase even at 50,000 nM. P5-H6 showed little inhibition against RabGGTase up to 10,000 nM.
GGTIs compete with substrate protein.
Michaelis-Menten analysis of the inhibition of GGTase-I is shown in Fig. 3 . The upper panels show the data derived from the results obtained using varying concentrations of geranylgeranyl pyrophosphate (GGPP), while the lower panels show data derived from the results obtained using varying concentrations of the substrate protein, RhoA. These results revealed that P3-E5 and P5-H6 are competitive inhibitors with respect to the protein substrate and uncompetitive inhibitors with respect to GGPP. P3-E5 and P5-H6 compete for binding of the protein substrate but not the isoprenoid substrate of GGTase-I. Ki values of 187±13 nM and 408±32 nM, respectively, were calculated for P3-E5 and P5H6. Improvement of cellular activity of GGTI by the modification of P5-H6. We found that replacing a carboxyl group of the dihydropyrrole ring of P5-H6 significantly improves its cellular activity. This is shown in Fig. 4A where we synthesized a series of compounds with different moieties replacing the carboxyl group. Potency of these compounds to inhibit proliferation of K562 leukemic cells was examined and their IC 50 values are shown. As can be seen, original P5-H6 compound containing a carboxylic acid moiety exhibited inhibition of proliferation of K562 cells with IC 50 of 20 µM. Converting the free acid to an ethyl ester did not improve its cellular potency. However, amidation of this moiety led to improvement in its potency. Moreover, coupling of P5-H6 with an L-phenylalanine group resulted in significant improvement of cellular potency. Two compounds, P61-A6 and P61-B6, showed good potency with IC 50 of 2.2 µM and 5.0 µM to inhibit proliferation of K562 cells, respectively. Comparison of inhibitory activity of P5-H6 and P61-A6 on a pancreatic cancer cell line PANC-1 and Jurkat cells is shown in Fig. 4B .
Improved potency of these compounds to inhibit cell proliferation correlates with their increased ability to inhibit protein geranylgeranylation inside the cell. Results on this point using P5-H6 and P61-A6 are shown in Fig. 4C . In this experiment, inhibition of protein geranylgeranylation is evaluated using an antibody that specifically detects unprenylated Rap1. As can be seen, treatment with P5-H6 or P61-A6 led to the appearance of the unprocessed Rap1 band in a dose dependent manner. Note that the appearance of the Rap1 band is observed at 2.5 µM concentration with P61-A6, while this is not seen with P5-H6, reflecting significant improvement in the potency of P61-A6 to inhibit protein geranylgeranylation.
In contrast to its effects on GGTase-I, P61-A6 did not inhibit protein farnesylation. This was examined by using a farnesylated protein H-Ras. While farnesyltransferase inhibitor (FTI) (BMS-225975) slowed the mobility of H-Ras protein on a SDS polyacrylamide gel, no such mobility shift was observed with P61-A6 or another GGTI compound, GGTI-298. Similarly, P61-A6 did not inhibit geranylgeranylation of Rab5b, as a slow migrating band representing that of unmodified Rab5b was detected only after the treatment with RabGGTase inhibitors (P49-F6, see below) and not with P61-A6 (Fig. 4E) .
Although P61-A6 exhibits improved ability to inhibit geranylgeranylation in cells, its ability to inhibit GGTase-I enzyme was less than that of P5-H6, as the IC 50 value for the enzyme inhibition was 1 µM. No significant inhibition of FTase or RabGGTase activity was observed by P61-A6 compound even when the concentration was increased to 100,000 nM (data not shown).
GGTI compounds inhibit proliferation of various human cancer cell lines and cause G 1 cell cycle arrest. As can be seen in Table S1 , significant inhibition of proliferation of a variety of human cancer cell lines was observed. Thus, a broad range of human cancer cell lines is inhibited by these GGTI compounds.
The inhibition of proliferation by GGTI appears to be due to the inhibition of cell cycle progression. As shown in Fig. 5A , treatment of a breast cancer cell line MCF-7 with P61-A6 or P61-B6 caused dose-dependent inhibition of proliferation. This is associated with a significant dose-dependent enrichment of G 1 phase cells, while the percentage of S-phase cells decreased (Fig. 5B, Fig. S1 ). Similar G 1 enrichment was observed with leukemic cell line, Jurkat, two pancreatic cancer cell lines, PANC-1 and MiaPaCa2, as well as with another breast cancer cell line MDA-MB-231 (Table S2) .
One of the proposed mechanisms of GGTI effects on cell cycle progression is to inhibit RhoA that negatively regulates expression of a Cdk inhibitor p21 CIP1/WAF1 . To investigate whether our GGTI compound induces p21
expression, luciferase transcriptional activation from the p21
promoter (33) was measured. Transient expression systems with NIH3T3 cells were used to examine the ability of P61-A6 to induce p21 CIP1/WAF1 -luciferase expression. P61-A6 induced significant (4-fold) inductions of luciferase activity versus DMSO in a dose dependence manner (Fig. 5C) .
Identification of dual specificity inhibitors of GGTase-I and RabGGTase. Characterization of our library of allenoate derived compounds yielded novel compounds that have the ability to inhibit RabGGTase. Identification of these novel compounds was initially prompted by the observation that P5-H6 exhibits a slight inhibition of RabGGTase at concentrations higher than 10,000 nM ( Fig. 2: lower panel) . This suggested to us that these GGTIs have the ability to act weakly on RabGGTase. If this were the case, we speculated that it might be possible to identify a subset of GGTI compounds that inhibit RabGGTase. With this reasoning, we examined our library of 3601 compounds related to P5-H6 and listed all the compounds that exhibited GGTase-I inhibition and screened them to see whether we can identify compounds that also inhibited RabGGTase. The assay was carried out using RabGGTase as described in "Experimental Procedures". Out of 428 compounds that exhibited GGTase-I inhibition (more than 50% inhibition at 50 µM concentration), we found that 60 compounds also exhibited the ability to inhibit RabGGTase (more than 50% inhibition at 25 µM concentration). Fig. 6 shows four most potent compounds (P8-G7, P8-H6, P8-H7 and P49-F5) that exhibit inhibition of both GGTase-I and RabGGTase at a single μM range. On the other hand, these compounds do not inhibit FTase even with more than 100 μM concentration (Fig. 6B  and C) . Examination of their structures led us to notice a feature that is common to these dual specificity compounds; they all have a characteristic 6-atom aliphatic tail attached to the penta-substituted pyrrolidine core via thioether linkage (putative RabGGTI feature).
Identification of RabGGTase inhibitors. The finding of the putative RabGGTI feature is important, as this feature may be used to predict RabGGTI activity. We first examined our 3601 compound library and identified 524 compounds that have this feature. We then screened these compounds by carrying out RabGGTase assay. This resulted in the identification of 23 compounds that exhibited preferential inhibition of RabGGTase (less than 50% inhibition of GGTase-I at 50 µM and more than 50% inhibition of RabGGTase at 25 µM concentration). Fig. 7 shows the structure and IC 50 values for the five most potent RabGGTase preferential inhibitors, P23-D6, P47-D11, P49-A6, P49-F6 and P50-E11. Three of these compounds contain n-hexylmercapto substituent at C4 of the pyrrolidine ring. Additionally, we find n-pentyl thioether (P47-D11) and para-methoxyphenyl thioether (P23-D6) appendages in the group of RabGGTase preferential inhibitors.
As can be seen in Fig. 7B and 7C, all these compounds inhibit RabGGTase with the IC 50 value of 2-5 µM, while the inhibition of GGTase-I required more than 50 µM. No inhibition of FTase was observed with 100 µM of these compounds. Inhibition of Rab geranylgeranylation in cells was examined using Rab5b protein. In this experiment, we examined the mobility of Rab5b proteins (Fig. S2A) . P49-F6, one of the RabGGTase preferential inhibitors caused the appearance of a slow migrating Rab5b protein which represents an unprenylated form (29) . On the other hand, P49-F6 did not cause mobility shift of H-Ras and did not induce appearance of unprenylated Rap1, suggesting that it does not inhibit FTase or GGTase-I (Fig. S2B) . We also examined intracellular localization of Rab5b proteins (Fig.  S3) . Treatment with P49-F6 resulted in the increase of Rab5b protein in the soluble fraction.
RabGGTI competes with the substrate protein. Kinetic analysis was carried out to examine whether our RabGGTI compounds compete with substrate protein. Rab geranylgeranyltransferase consists of a tightly bound core complex, the α-and β-subunits, and the third subunit REP protein. Therefore, these subunits were first mixed together in the presence of a low concentration of GGPP and then the concentration of each substrate was altered and the effect of inhibition by RabGGTI was examined. As can be seen in Fig. 8 , a RabGGTI compound P49-F6 inhibits RabGGTase activity with respect to the substrate protein Rab7 (Fig. 8B) . On the other hand, increasing concentration of GGPP did not influence the inhibition by RabGGTI (Fig. 8A) , suggesting that they are uncompetitive inhibitors with respect to GGPP. Ki value of 1.36±0.38 μM was calculated from these experiments.
DISCUSSION
In this paper, we first report identification of novel small molecule inhibitors of GGTase-I from the diversity library of allenoate-derived compounds. Two novel scaffolds were identified. Our compounds are non-peptidomimetic inhibitors that compete with the substrate protein. Specific inhibition of protein geranylgeranylation but not protein farnesylation was established with the purified enzymes as well as with treated cells. Another non-peptidomimetic GGTI compounds have been reported (25) . However, 2-20 μM concentration was used to exert cellular activity with tissue culture cells (25) . Our compounds represent an important addition to the growing list of GGTI compounds.
We found that derivatizing the carboxyl group of the dihydropyrrole ring of our initial compound P5-H6 results in a dramatic increase in their cellular potency. In particular, changing the carboxyl group to the corresponding amide by coupling it with L-phenylalanine is effective. On the other hand, converting the free carboxylic acid into the ethyl ester did not lead to any improvement. Similarly, converting to a methyl ester did not result in improvement either (unpublished results). These results suggest that the improvement is not simply due to the removal of the charge but that the phenylalanine moiety exerted additional effect. The improvement of the cellular activity of our GGTI compound is correlated with the increase in the ability to inhibit protein geranylgeranylation, as detected by the appearance of unprenylated Rap1 protein.
On the other hand, the modification did not improve potency of these compounds to inhibit GGTase-I enzyme. Therefore, the improvement of cellular activity may reflect increased cellular uptake or stability of the compound.
Our GGTI compounds exhibit inhibition of proliferation of human cancer cell lines including leukemic, pancreatic cancer and breast cancer cell lines. One of the hallmarks of GGTI is that this class of inhibitors causes cell cycle arrest at the G 1 phase (38,39). Our inhibitors exhibit significant G 1 arrest with the human cancer cell lines examined (Fig. 5B, Table S2 ). In particular, dramatic G 1 arrest is observed with a breast cancer cell line MCF-7. In addition, our GGTI compounds induce p21 CIP1/WAF1 expression, as observed by using a luciferase reporter assay. These results are in line with the idea that our GGTI inhibits RhoA that acts as a negative regulator of p21 CIP1/WAF1 expression (39,40,41). These results also agree with the recent observation of the accumulation of p21 CIP1/WAF1 in GGTase-I-deficient cells from knockout mice (6) .
In this paper, we also report identification of a novel type of RabGGTase inhibitors. These compounds share the scaffold with one of the GGTI compounds but possess an extra hydrophobic tail emanating from the core ring. Only a handful of RabGGTase inhibitors have been identified in the past (26) . Commonly used inhibitors are bisphosphonate type compounds, however the inhibition of RabGGTase requires about mM concentration of the compounds. In contrast, our compounds inhibit RabGGTase with a single μM concentration. While we did observe inhibition of geranylgeranylation of Rab protein in cells, further modification of the compounds is needed to improve their cellular activity. Recent studies suggest that RabGGTIs may be valuable as anticancer drugs. A study using siRNA showed that the inhibition of RabGGTase leads to apoptosis induction in human cancer cells (42). Elevated levels of RabGGTase are detected in a number of human cancers (42). Furthermore FTI compounds which inhibit RabGGTase induce mislocalization of Rab protein and apoptosis (42).
We have shown that our RabGGTI compounds inhibit the enzyme by competing with the substrate protein. Because our RabGGTI compounds are derived from GGTI compounds, RabGGTI and GGTI share the same scaffold. This may be the reason that both our GGTI and RabGGTI work by competing with the protein substrate. GGTase-I and RabGGTase share similar active site structures (16, 26) ; both enzymes have a core structure that consists of α-and β-subunits. In addition, the corresponding subunits in these enzymes share significant homology. It will be interesting to examine whether these inhibitors bind to similar pockets in these enzymes. On the other hand, we found that RabGGTI compounds possess a structural feature that is unique to this group of inhibitors. They contain a characteristic long aliphatic tail attached to the penta-substituted pyrrolidine core. It will be interesting to understand how this feature contributes to the inhibition of RabGGTase. One possibility is that the aliphatic tail fits into a pocket or interferes with an enzymatic process that is specific to RabGGTase but not to GGTase-I. Significance of lipid binding pockets of REP for RabGGTase reaction has been suggested (18, 43) . Further characterization of our GGTI and RabGGTI should lead to increased understanding about possible differences and similarities in active sites of the two enzymes.
In summary, we report three different types of inhibitors of protein geranylgeranylation. First, we report novel GGTase-I inhibitors. They inhibit proliferation of a variety of human cancer cell lines and cause G 1 cell cycle arrest. Second, we report novel RabGGTase inhibitors. Interestingly, those compounds possess structural features that define this class of inhibitors. In the course of the identification of RabGGTI compounds, we have also identified dual specificity inhibitors that inhibit both GGTase-I and RabGGTase. Use of these novel compounds may lead to further understanding of the roles of protein geranylgeranylation. In addition, they may provide lead compounds for the development of anticancer drugs based on the inhibition of protein geranylgeranylation. 
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